Abstract In recent years, binary quadratic programming (BQP) has been 7 successively applied to solve several combinatorial optimization problems. We 8 consider in this paper a study of using the BQP model to solve the minimum 
approach to solve the MSCP problem. We propose a binary quadratic formula- k · x uk subject to: c1.
K k=1
x uk = 1, u ∈ {1, . . . , n} c2. x uk + x vk ≤ 1, ∀(u, v) ∈ E, k ∈ {1, . . . , K} c3. x uk ∈ {0, 1}
Nonlinear BQP alternative 64
The linear model of the MSCP can be recast into the form of the BQP ac-65 cording to the following steps:
66
For the constraints c1., we represent these linear equations by a matrix 67 Ax = b and incorporate the following penalty transformation [16] :
For the constraints c2., we utilize the quadratic penalty function g(x) = 69 P x uk x vk to replace each inequality x uk + x vk ≤ 1 in c2. and add them up as 70 follows [16] :
where w uv = P if (u, v) ∈ E and 0 otherwise.
72
To construct the nonlinear BQP formulation h(x), we first inverse the term with large negative values. In the same way, we add the penalty function 78 f 2(x) into h(x). Hence, the resulting BQP formulation for the MSCP can be 79 expressed as follows:
Once the optimal objective value for this BQP formulation is obtained,
81
the minimum sum coloring value can be readily obtained by taking its inverse 82 value.
83
Further, a penalty scalar P is considered to be suitable as long as its 84 absolute value |P | is larger than half of the maximum color (|P | > K/2).
85
Consider that penalty functions should be negative under the case of a maximal 86 objective, we select P = −500 for the benchmark instances experimented in Its linear formulation according to Equation (1) is:
x 21 + x 22 = 1;
c2.
c3.
x 11 , x 12 , . . . , x 42 ∈ {0, 1}
Choosing the scalar penalty P = −5, we obtain the following BQP model:
where xQx is written as: 
. .
Solving this BQP model yields x 11 = x 22 = x 31 = x 42 = 1 (all other 99 variables equal zero) and the optimal objective function value f (x) = −6.
100
Reversing this objective function value leads to the optimum (the minimum 101 sum coloring) of 6 for this graph. gorithm. More details can be found in [24] . instance is independently solved 20 times.
145
The tabu tenure ttl and the improvement cutoff µ [24] are two parameters in instances.
168
We also applied CPLEX V12.2 to the linear model (1) (Section 2.1) to solve 169 these MSCP instances. CPLEX was successful in finding an optimal solution 170 for 15 instances (marked with an asterisk), but terminated abnormally for the 171 remaining 8 instances due to excess requirements of memory.
172
From Table 1 , we observe that our BQP-PR approach is able to reach results for HLS, PGA and TS which are unavailable are marked with "-".
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